We investigate the structural dynamics of the incommensurately modulated phase of Sn 2 P 2 Se 6 by means of time-resolved X-ray diffraction following excitation by an optical pump. Tracking the incommensurable distortion in the time domain enables us to identify the transport effects leading to a complete disappearance of the incommensurate phase over the course of 100 ns. These observations suggest that a thin surface layer of the high-temperature phase forms quickly after photo-excitation and then propagates into the material with a constant velocity of 3.7 m/s. Complementary static structural measurements reveal previously unreported higher-order satellite reflection in the incommensurate phase. These higher-order reflections are attributed to cubic vibrational terms in the Hamiltonian.
Introduction
The study of solid-solid phase transitions in condensed matter is important not only for applications where such phase transitions can be used to control physical properties of interest, but also serves as a test of the relative strength of competing interactions. Many such phase transitions are characterized by a change in symmetry, quantitatively represented by an order parameter that is non-zero in one phase but zero in the other [1] . In cases where the order parameter can be identified with a structural coordinate, diffraction techniques with short wavelength X-rays or electrons provide a direct measure of the changes in the order associated with the phase transition. The recent ability to perform femtosecond time-resolved measurements using X-rays and electrons as probes has prompted several investigations on how fast such changes in structural symmetry can happen [2] [3] [4] [5] .
To date most works have focused on systems where the equilibrium phase transition is known to be driven by electron-phonon coupling. In these cases it seems quite reasonable that structural order parameters would be strongly and promptly affected by a sudden repopulation of electronic states from a femtosecond-duration light pulse. On the contrary, in systems where the static structural phase transition is driven predominantly by phonon anharmonicity, it is less evident how light can drive changes in the structural order parameter via electronic transitions. Recent experiments on Ca-doped SrTiO 3 (STO), however, demonstrate that even in systems where the equilibrium phase transition has no direct influence from electronic states, photo-doping can be used to manipulate the magnitude of a structural distortion which is identified as an order parameter of the phase transition [6] . In this case the structural changes are "accidentally" coupled to electronic states involved in the optical transition, but the magnitude of the coupling appears to be sufficiently strong to lead to a full symmetry change at very high excitation levels.
In this work we focus on a different phonon-mediated phase transition in ferroelectric semiconductor Sn 2 P 2 Se 6 (SPSe). At temperatures between the high-temperature paraelectric phase and the low-temperature ferroelectric phase, there exists an intermediate structural phase that is characterized by an incommensurate structural modulation [7] . Other examples include Sodium nitrite (NaNO 2 ) [8] , and thiourea (SC(NH 2 ) 2 ) [9, 10] as well as the improper ferroelectric K 2 SeO 4 [11] . In SPSe, the stability range of the incommensurate phase is limited by a first-order phase transition at 193 K and a second-order phase transition at 220 K [12, 13] . The characteristics of the incommensurate phase have been studied by spectroscopic [14, 15] and scattering techniques [16, 17] . An analysis of inelastic neutron scattering measurements in the paraelectric phase at temperatures just above the transition has suggested that the incommensurate phase forms from the condensation of a pair of TO and TA phonon modes, leading to a structural instability that distorts the structure at the wavevector of these two modes [17] . The wavevector of the distortion depends only weakly on temperature over the stability range of the phase [17, 18] .
Similarly to STO, the 1.76 eV bandgap [19] of SPSe freezes out electronic degrees of freedom from the phase transition under normal thermal conditions, so that the driving mechanism of the equilibrium transition involves predominantly anharmonic interactions between vibrational modes. Here we focus on the spatiotemporal evolution of the above bandgap photoinduced phase transition, and associated transport effects, which characterize the phase transition on a nanosecond timescale. Time-resolved X-ray diffraction gives direct access to the order parameter via the intensity of superlattice reflections, which are a direct result of a coupling of phonon modes. Based on the timescales of changes in the order parameter under different experimental conditions, we can narrow down whether the phase transition propagates as a strain wave, through ballistic or diffusive phonons, or another process. This helps to understand the energy flow in the system after strong photo-excitation.
Materials and Methods
A single crystalline, stoichiometric sample of Sn 2 P 2 Se 6 was grown by chemical vapor transport [20] and subsequently cut to create a large 5 mm × 5 mm face with a surface normal of [1 3.1 −3], which is 0.8 • from the [1 3 −3] direction. In this work all Miller indices refer to the monoclinic space group in its standard setting Pc, with lattice parameters a = 6.81 Å, b = 7.72 Å, c = 11.70 Å and β = 124.5 • at room temperature [7] .
To characterize the equilibrium incommensurate modulation, we performed X-ray diffraction measurements at the Materials Science beamline of the Swiss Light Source (PSI, Villigen, Switzerland), using 7.0 keV X-rays with an energy resolution better than 10 −3 ∆E/E [21] . The (2D + 2S) surface diffractometer was equipped with a Pilatus 100K 2-D detector [22] . The sample temperature was controlled using a cryogenic nitrogen blower. The relative intensities of superlattice reflections were obtained by subtracting the contribution of the Bragg reflection. For that, a second-order polynomial was fitted to the sufficient data points on both sides of the superlattice peak and used to interpolate the background intensity below the superlattice peak.
To characterize the dynamics of the incommensurate modulation we performed pump-probe measurements with 400 nm pump excitation and X-ray diffraction as a probe. These were performed both at the microXAS beamline at the Swiss Light Source [23] and at end station No. 3 of the SACLA X-ray free-electron laser [24] [25] [26] . The measurements at SACLA had a higher time resolution of approximately 100 fs. Here we show only the time-resolved measurements from the Swiss Light Source since most of the dynamics is resolved with the lower time resolution and the general signal-to-noise ratio is better. At the Swiss Light Source, 7 keV X-ray pulses with a duration of 70 ps, corresponding to the size of an electron bunch, were vertically focused to less than 10 microns. The angle of incidence was set between 0.4 and 1.3 degrees, resulting in a 1/e penetration depth of the electric field ranging from 71 to 455 nm, calculated based on tabulated values from Ref. [27] . The long transverse structural coherence of the sample justifies the use of the field (rather than intensity) penetration depth because interference can take place over the entire probe volume. Pump pulses (400 nm, 100 fs (FWHM)) were generated by frequency doubling the output of an amplified femtosecond Ti:Sapphire laser using a commercial type-I BBO crystal. The pump photon energy of 3.1 eV exceeds the 1.76 eV bandgap [15, 28, 29] . p-polarized pump pulses were focused to a 400 × 600 micron spot (FWHM) on the sample with an incidence angle of 13 • . Under these conditions the pump had a 1/e penetration depth in intensity of 20 nm, based on the absorption coefficient derived from ellipsometry measurements (see Supplementary Information), which is consistent with the results of Li and Singh [29] . The laser was synchronized to the synchrotron and the repetition rate was reduced to 100 Hz to grant the system sufficient time to return to equilibrium, as the recovery time was found to be approximately 10 ms. The sample was cooled to a set temperature of 175 K using a cryogenic nitrogen blower and the X-ray diffracted intensity was measured using an avalanche photodiode. Since the superlattice reflections are in the vicinity of a more intense, commensurate Bragg reflection (Figure 1 ), there is some static background that does not vanish when crossing the phase transition. This background was determined from rotation scans, interpolated to the superlattice peak position and subtracted in the traces of the time-resolved diffraction data.
Phonon band velocities were calculated ab initio using density functional theory within the PBE-GGA [30] as implemented in Quantum Espresso [31, 32] , with optimized norm-conserving Vanderbilt pseudopotentials [33] . The lattice parameters were fixed to experimental values and the internal atomic coordinates were relaxed. The phonon band structure was calculated using a 2 × 2 × 1 supercell. Electronic structure calculations were performed with an 8 × 8 × 8 k-point sampling of the Brillouin zone and an 800 eV plane wave basis cutoff. , which appear to be first-and second-order superlattice reflections, respectively. The intensity of the first-order satellites ranges from 10 −3 to 10 −2 relative to the regular lattice peak, whereas the second-order satellites, when visible, are between 10 −6 and 10 −5 . Figure 1c shows the temperature dependence of the reciprocal space scans around the (−1 1 4) peak. The second-order satellite is no longer visible above 207.5 K, whereas the first-order satellite disappears only at the phase transition temperature of 220 K. This is also illustrated in Figure 1d , where the normalized satellite intensity is shown for both satellite orders after subtraction of the background as described in the method section. Figure 2a shows the time-dependent intensity of the superlattice reflection at (−0.9 0 −2.1), which is a first-order satellite of the (−1 0 −2) peak, after excitation with 400 nm pulses at different fluences at an initial set temperature of 175 K. The data is normalized to the intensity before laser excitation. The time scale of the initial intensity reduction in the superlattice intensity is limited by the time resolution of 70 ps. We then see a second, slower relaxation over approximately 100 ns. Figure 2b shows the amplitude of the intensity reduction between 0.1 and 2 ns as a function of fluence. We see an approximately linear dependence of the intensity reduction for increasing fluences until 3.5 mJ/cm 2 . For a fluence of 7.0 mJ/cm 2 , the intensity reduction is nearly the same as for 3.5 mJ/cm 2 , suggesting a saturation. Figure 2c shows the fluence dependence of the additional intensity reduction occurring subsequently. Here the intensity reduction is almost constant for fluences above 2.0 mJ/cm 2 . These values were deduced from fitting the data to the model described in the discussion. To investigate the dependence of the response at a fluence of 3.5 mJ/cm 2 on the depth of the probed volume, we vary the incidence angle of the X-rays and thereby changing the probe depth of the X-rays [34] . Figure 3a ,b shows the time dependence at different incidence angles as well as the total intensity reduction as function of probing depth. At the lowest incidence angle of 0.4 • (corresponding to 71 nm field penetration depth) we detect a complete suppression of the superlattice intensity within our sensitivity after approximately 50 ns. At higher incidence angles (and therefore deeper X-ray penetration depths) some superlattice intensity remains at late times. 
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Equilibrium Structure
Based on a previous systematic study of the first-order satellite reflections, Barsamian et al. argue that the main contribution to the first-order satellite reflections is a result of a displacement of the tin atoms in the ab plane [35] . The main new aspect in the measurements is our observation of the weak second-order satellite reflections around some reflections, which were previously not observed due to signal-to-noise limitations [35, 36] . If we accept the mechanism for the superlattice proposed by Eijt et al. [17] where the incommensurate modulation is seen as a renormalization of a TA and a TO mode with a wavevector of q = (0.1 0 −0.1), the presence of the second-order reflections indicates that there is an additional weak coupling to phonon modes with a resulting wavevector of 2q. Such harmonic contributions have been observed in some other systems with incommensurate modulations such as thiourea [9, 37] . These 2q modulations can arise from cubic anharmonic terms in the Hamiltonian [1, 38] . The different temperature dependences of the second-order satellites would then indicate that these anharmonic terms change strongly with temperature over the stability range of the incommensurate phase. The disappearance of the higher-order modulations at around 207.5 K leave no signatures in measurements of the heat capacity [39] or spontaneous deformation [40] at within the temperature of the incommensurate phase, while stark changes occur at the phase boundary both at 193 K and 220 K.
Time-Dependent Response
To model the photoinduced dynamics of the superlattice reflection we fit the data with a model which assumes two distinct physical processes govern the observed changes. Just after pump excitation, we observe a fast, step-like drop in the superlattice intensity, limited by the time resolution. At later times, a slower and more gradual decay arises, lasting several tens of nanoseconds. Based on these observations, we propose a two-component fit function of the form
where A 1 , A 2 and τ are fit parameters, representing amplitudes and a timescale, respectively. The model y(t) is further convolved with a gaussian response function with a FWHM of 70 ps to account for the finite time resolution imposed by the X-ray pulse duration. The resulting model curves fit I(t)/I 0 fairly well, as seen in Figures 2a and 3a . The fit parameters are summarized in Table 1 . We first discuss the fast component of the response, represented by the fit parameter A 1 . A 1 increases linearly with fluence up to 3.5 mJ/cm 2 ( Figure 2b ) and decreases with probe penetration depth. The nearly linear increase in the intensity reduction with fluence, which is similar to the observations reported by Beaud et al. for commensurate superlattice reflections in the electronically driven photoinduced phase transition in Pr 0.5 Ca 0.5 MnO 3 [5] . This fast change in the intensity of the superlattice peak is strongly suggestive of an electron-phonon driven effect, where the excitation of states across the bandgap modifies the coupling that stabilizes the incommensurate modulation, leading to a drop of the amplitude of the structural modulation. The saturation of the pump-probe effect at high fluences (Figure 2b) is likely an effect of the spatial inhomogeneity in the pumped region; since the pump penetration depth is limited to 20 nm and the field penetration depth of the X-rays is in all cases larger than 70 nm, the pump does not initially excite the entire probed volume of the sample.
The slower process, represented by A 2 and τ, leads to complete suppression of the superlattice for the lowest incident angle value at 3.5 mJ/cm 2 fluence. Rocking curve scans at several time delays confirm that the integrated intensity truly vanishes and does not simply escape detection by a change in momentum transfer. As shown in Figure 2c the magnitude of the slower, second intensity reduction also increases with fluence, but saturates at already at low fluences of around 2 mJ/cm 2 . In all cases the amplitude of the second response, A 2 , is larger than the fast response, A 1 . The value of relaxation time τ varies strongly with both fluence and X-ray incidence angle. The changing value of τ with probing depth suggests strongly that transport effects are relevant. These relaxation times, τ, versus the effective X-ray field penetration depth, d, is shown in Figure 3c . The data fits well to a line of the form d = vτ + d 0 , where v = 3.7 ± 0.2 m/s and d 0 = 37 ± 2 nm. This velocity is significantly lower than the speed of sound v s = 2.4 · 10 3 m/s [41] . Figure 3c indicates a relatively slow propagation of the transformed phase into the material. The limiting factor determining the speed of the phase transformation could be heat transport. A model describing a purely diffusive heat transport has been attempted but was insufficient to appropriately reproduce the timescale and shape of the measured response, especially when considering different pulse energies and probing depths. As an alternative to diffusion, the heat transport could be dominated by ballistic phonons: excited electronic states relax and emit incoherent phonons locally heating the lattice. At sufficiently high heating levels, the incommensurate modulation eventually melts in the entire probed volume. The speed of such transport will be an average of the group velocity of phonons, weighted by their occupation [42] . Since most vibrational modes exist in relatively low dispersion areas of the Brillouin zone, it is reasonable to expect that the heat transport velocity is much smaller than the velocity of long-wavelength acoustic phonons (speed of sound). This weighted average was calculated based on the phonon band structure of the paraelectric phase, ignoring contributions to the heat transport from excitations from the incommensurate phase such as phasons or amplitudons or topological defects. The ballistic heat transport velocity along the inward surface normal was found to be 125 m/s, which exceeds the observed velocity by more than one order of magnitude. This indicates that the heat propagates faster into the material than the phase transition and is not the limiting factor.
We thus interpret our data such that the probed volume is in a superheated state and that the incommensurate phase is initially reduced only at the surface by electron-phonon interactions. This is followed by a subsonic melt front that propagates from the surface region into the bulk. This signifies that there is a fast component of the system that couples to the incommensurate modulation that can reduce the order parameter instantly; however, that process is bound to the pumped volume close to the surface. An intensity reduction to 70 % corresponds to the disappearance of the incommensurate phase over the first 20 nm, given a probing depth of 130 nm. While the heat gets redistributed over the sample, the seed of the high-temperature phase at the surface then grows at the expense of the superheated incommensurate phase. This picture of melt-front growth is typically indicative of first-order phase transitions [43] , which is perplexing since most equilibrium data appear to show that the incommensurate melting phase transition at equilibrium is second order [12, 13] . This may indicate that the laser-induced phase transition has a stronger first-order character, possibly due to the inability of the structure to expand or contract laterally on these time scales. The response may also be strongly affected by competition between the incommensurate order parameter with a component of the internal strain and/or pinning to defects, a phenomenon seen in kinetic studies of other incommensurately ordered systems [44, 45] .
Conclusions
The structural characterization indicates that the incommensurate phase exhibits higher-order satellite reflections with two stability regions. The time-resolved results show that a complete phase transition in two stages is launched when the exciting light pulses exceed a fluence of 3.5 mJ/cm 2 . An immediate reduction of the order parameter takes place at the surface. This newly created high symmetry phase then propagates into the material at a constant velocity. The velocity of the melting front could be determined to be 3.7 ± 0.2 m/s through the depth-dependent disappearance of the order parameter. This observation of a slow melt front is suggestive of a first-order character to the laser-induced transition. 
